We used daptomycin plus antistaphylococcal b-lactams (ASBL) to clear refractory MRSA bacteremia. In vitro studies showed enhanced daptomycin bactericidal activity, increased membrane daptomycin binding, and decrease in positive surface charge induced by ASBLs against daptomycin nonsusceptible MRSA. Addition of ASBLs to daptomycin may be of benefit in refractory MRSA bacteremia. (Although the official designation is ''daptomycin nonsusceptiblity,'' we will use the term ''daptomycin-resistance'' in this paper for facility of presentation.)
We used daptomycin plus antistaphylococcal b-lactams (ASBL) to clear refractory MRSA bacteremia. In vitro studies showed enhanced daptomycin bactericidal activity, increased membrane daptomycin binding, and decrease in positive surface charge induced by ASBLs against daptomycin nonsusceptible MRSA. Addition of ASBLs to daptomycin may be of benefit in refractory MRSA bacteremia. (Although the official designation is ''daptomycin nonsusceptiblity,'' we will use the term ''daptomycin-resistance'' in this paper for facility of presentation.)
Methicillin-resistant Staphylococcus aureus (MRSA) has emerged as one of the most important pathogens both in health care and community-onset infections [1] . MRSA infection is associated with higher morbidity and mortality and prolonged hospital stay, compared with similar infections caused by methicillin-susceptible S. aureus [2] . Patients with prolonged MRSA bacteremia (.7 days) are at high risk for metastatic complications and death [3] . These infections are challenging to treat and often require a combined medical-surgical intervention for successful outcome. However, in cases of prolonged bacteremia in which a removable focus is not definable, clinicians are often confronted with limited therapeutic options.
Prior in vitro studies suggested an enhanced activity of daptomycin (DAP) against MRSA when combined with antistaphylococcal b-lactams (ASBLs) [4] [5] [6] . Recently, a see-saw effect has been demonstrated between DAP and ASBLs, whereby the development of DAP resistance (DAP-R) in vitro was accompanied by increased ASBL susceptibility in MRSA in a mecA-independent manner [7] . Faced with some very difficult clinical cases of refractory MRSA bacteremia, we used combined DAP-ASBL therapy with salutary outcomes in 7 recent patients.
METHODS
We identified 7 consecutive clinical cases from 3 different institutions in which combined DAP-ASBL therapy was used successfully to eradicate persistent MRSA bacteremia (summarized in Table 1 ). Isolates were available for detailed in vitro analysis from 3 cases (3-5). DAP and vancomycin minimum inhibitory concentrations (MICs) were determined using E-test in antibiotic-free Mueller-Hinton agar plates and in plates containing varying concentrations of ASBLs. MICs to methicillin and nafcillin were determined using broth microdilution in accordance with Clinical Laboratory Standards Institute methods. Time-kill curves were performed on selected isolates at 37°C in calcium-supplemented (50 mg/L) Mueller-Hinton broth containing DAP (10 mg/L) with or without oxacillin (20 mg/L). These concentrations were chosen to reflect approximations of clinically-relevant serum concentrations of these antibiotics [8] [9] [10] . Experiments were done 3 times on 3 different days with use of starting inocula of 10 6 -10 7 cfu/mL (to represent high-inoculum infections, such as infective endocarditis). To determine whether ASBLs are able to impact the ability of DAP to bind to the MRSA membrane, a DAP-R strain from patient 3 was grown in Lurea-Bertoni (LB) broth at 37°C in the presence or absence of nafcillin (40 mg/mL), then incubated for 10 minutes with Bodipy-fluorescein-labeled DAP (16 lg/mL; supplied courtesy of Cubist Pharmaceuticals). Excess unincorporated label was removed by washing the cells 3 times in LB broth. The cells were counterstained with FM 4-64 to visualize the membrane [11] and DAPI to visualize the nucleoid and then were imaged using a Delta Vision Deconvolution microscope (Applied Precision) [11] . The binding of the fluorescein isothiocyanate-labeled cationic poly-L-lysine (PLL) probe to the staphylococcal surface was used to quantify relative surface charge with use of a flow cytometric assay, as detailed elsewhere [12] . PLL-binding assays were performed on selected isolates grown up to stationary phase in Mueller-Hinton broth in the presence or absence of oxacillin (40 mg/L). Data were expressed in terms of relative fluorescent units (6standard deviation [SD]), and statistics were determined from a minimum of 3 experiments.
RESULTS

Clinical Descriptions
Seven cases of prolonged and persistent (7-22 day duration), non-catheter-related MRSA bacteremia, despite a variety of conventional therapies, were identified in which DAP plus ASBLs eventually achieved a microbiologic and clinical cure (Table 1) . One case was associated with bacteremic relapse during therapy (case 1), and the remaining 6 cases exhibited persistent bacteremia (cases 2-7). Conventional therapy included vancomycin or DAP alone and/or in combination with gentamicin. Blood cultures were monitored daily until the result was negative for 72 hours. When vancomycin was used, serum trough concentrations of 15-20 mg/L were maintained.
All patients were thoroughly evaluated for an endovascular focus of infection and metastatic complications of infection (ie, abscesses) with use of transthoracic echocardiography and transesophageal echocardiography, abdominal CT, spinal MRI, and indium-111 labeled white blood cell scans.
In 5 of the cases (3-7), there was no obvious focus of infection initially identified, although such foci were subsequently identified. In one instance (case 2), a chest wall abscess that developed from a deep soft tissue phlegmon was surgically drained. In the case involving tricuspid valve endocarditis (case 1), the patient refused surgical intervention initially but eventually underwent valve replacement surgery.
Patient 4 experienced relapse 12 weeks after conventional therapy; the patient was then cured after treatment with an additional 4 weeks of DAP plus nafcillin. Patient 5 experienced relapse 8 weeks after discontinuation of therapy, was identified with pulmonic valve endocarditis, and died. In case 3, a vancomycin-intermediate S. aureus (VISA) isolate with concomitant DAP-R emerged during first-and secondline therapies. One patient (2) developed peripheral eosinophilia without rash or pneumonitis on day 18 of daptomycin therapy, with a peak absolute eosinophil count of 3100 cells/ mm 3 (normal count, ,500 cells/mm 3 ) 4 days after discontinuation and subsequent decrease and normalization 10 days after discontinuation of daptomycin.
Susceptibility Testing
In all 7 cases, the initial MRSA bloodstream isolates were susceptible to DAP and vancomycin at the onset of illness, according to clinical microbiology reports. In case 3, during therapy with vancomycin, the MRSA isolate developed the VISA phenotype by MIC testing (MIC, 3 mg/L) with concomitant DAP-R (MIC 5 2-4). Both strains were identical by pulse-field gel electrophoresis (data not shown). We examined the vancomycin and DAP MICs by E test and the MICs to selected ASBLs with use of broth dilution techniques. The VISA-DAP-R isolate from case 3 did not show any evidence of the DAP-MRSA seesaw effect (ie, increasing DAP MIC associated with decreasing ASBL MICs [7] ). Of note, in media containing DAP plus ASBLs, we observed reductions in DAP MICs for this isolate. For example, in the presence of nafcillin (80 mg/mL; comparable to serum level 1 hour after treatment in patients [8] ), the DAP MIC of this DAP-R isolate was reduced to the susceptible range (MIC, 0.38 mg/L).
Kill Curves
Time-kill curves were performed on isolates from cases 3, 4, and 5. For DAP-susceptible isolates from cases 4 and 5, DAP exhibited rapid bactericidal activity that was not further enhanced by the addition of oxacillin (data not shown). Kill curves from case 3 are shown in Figure 1 . Figure 1A shows a representative assay from the initial DAP-susceptible isolate, revealing rapid bactericidal activity of DAP alone, with modest enhancement of activity with the addition of oxacillin. Figure 1B shows the result of similar studies with the later VISA-DAP-R isolate from this case (3) . After exposure to DAP alone, this latter isolate demonstrated significant regrowth at 24 hours, whereas the combination of DAP plus oxacillin resulted in reduction in counts below the level of detection at 24 hours.
Daptomycin Binding Studies
Using the DAP-R VISA isolate from case 3, we examined DAP binding in the presence or absence of nafcillin with use of fluorescent-labeled DAP. Results are shown in Figure 2 . DAP Figure 2D-F) . Of interest, this enhanced binding occurred focally on the organism's surface. In addition, pixel intensity quantifications confirmed this increased surface binding.
Bacterial Surface Charge Studies
To examine the potential mechanisms for enhanced DAP binding, PLL-binding assays were performed on the DAPsusceptible isolate and the VISA-DAP-R strain pair from case 3. Figure 3 demonstrates that growth in ASBL resulted in reduction in net positive surface charge (versus non-ASBL-exposed cells) that was more pronounced against the VISA-DAP-R strain, versus the DAP-susceptible parental strain (P 5 .00017 and P 5 .014, respectively).
DISCUSSION
In this report, 7 cases of MRSA bacteremia are presented that were refractory to a number of vancomycin-based and DAPbased regimens. In all patients, the addition of high-dose ASBLs (eg, nafcillin or oxacillin; 2 g intravenously every 4 h) to high-dose DAP (8-10 mg/kg/day) resulted in rapid bacteremia clearance. In vitro studies showed several important observations: (1) restoration of in vitro DAP susceptibility of 1 DAP-R-VISA strain that emerged during therapy in ASBLcontaining media, (2) enhanced killing of this isolate by DAP plus ASBLs, (3) notable increases in DAP membrane binding after organism growth in ASBLs, and (4) reduction in net positive membrane surface charge by ASBLs that was more pronounced in the DAP-R strain, compared with the DAPsusceptible parent.
The enhancement of DAP membrane binding and activity by ASBLs through ASBL-mediated reduction in surface charge may be linked to release of wall lipo-teichoic acid [13] . Our DAP binding assays are compatible with this latter paradigm. With use of a fluorescently labeled DAP, microscopic examination revealed a clear increase in DAP binding to the surface of ASBLtreated cells (Figure 2 ). Of interest, the prior treatment with vancomycin selecting VISA and concomitant DAP-R may have established a ''priming'' scenario in which the ASBL-mediated reduction in surface charge was more pronounced.
Our laboratories are actively studying these potential mechanisms. In addition, more structured clinical studies are required to examine DAP-ASBL combination therapy in cases of refractory MRSA bacteremic infections. Finally, additional in vitro studies are needed to examine the effect of DAP plus other b-lactam derivatives, such as cephalosporins, carbapenems, and b-lactam/b-lactamase inhibitor combinations against MRSA.
